INTRODUCTION
The trace element contents of clays have been published only sporadically since 1950. Kerr and others (1950) , in their reports on the American Petroleum Institute Reference Oay Minerals Research Project 49, gave spectrographic determinations of 24 trace elements in 4 kaolins from Arkansas, Georgia, South Carolina, and New Mexico. Hinckley (1961) determined boron, gallium, and manganese contents in several kaolin samples from Georgia and South Carolina. Erickson (1963) analyzed several flint clays from Pennsylvania for K, Fe, Ti, Zr, Cr, and Ca, and Keller (1968) reported that Fe, Mg, Ca, Ba, Sr, Ti, V, Zr, Mn, Cu, Ni, Zn, Ga, Cr, and B are present in detectable amounts in flint clays from Missouri. Flanagan and others (1977, table 1) summarized published data on some trace element contents of U.S. National Bureau of Standards (NBS) samples (flint clay NBS-97 and plastic clay by Shimp and others (1957) , Grabowski and Eunice (1958) , Turekian and Carr (1961) , Oark and Swaine (1963) , Filby (1964) , Taylor and Kolbe (1964) , and Ball and Filby (1965) .
The first two clay samples from Pennsylvania (NBS-97 and NBS-98), of primary interest to an expanding refractory industry, were certified in 1931 for their major and minor oxide contents. When the supplies of these two samples were depleted, they were replaced in 1959 by NBS-97a and NBS-98a from Missouri. In 1983, Hosterman and Flanagan collected two more clay samples, now NBS-97b and NBS-98b, from the same area in Pennsylvania as the original NBS clay samples . They also collected in the same year a sample of common brick clay, NBS-679, to be added to the roster of NBS reference samples. All NBS samples have or will have certificates of analysis listing their major and minor oxides.
Among the available reference samples are three samples from Brazil whose major and minor oxide contents are certified. The Agrupamento de Materials de Referenda (Reference Materials Group) of the Instituto de Pesquisas Tecnol6gicas do Estado de Sao Paulo, Brazil (IPT), was formed in 1975 with technical support from the NBS. Since then, more than 30 different reference materials have been certified, including metals, minerals, cements, and the three reference clays from Brazil, . Certificates of analysis for these samples were issued in 1979-81. Data for the IPT clays have been included in this report for comparison with data for the NBS clay samples.
The chemistry and mineralogy of the seven NBS samples and of the three IPT samples are discussed in this report. The 10 samples were analyzed by instrumental neutron activation (INAA) at 3 separate laboratories. All samples were analyzed at the U.S. Geological Survey (USGS) analytical laboratory, Reston, Va.; eight samples were analyzed at the Nuclear Radiation Center, Washington State University (WSU), Pullman, Wash., and six samples were analyzed at the Department of Earth Sciences, The Open University (TOU), Milton Keynes, United Kingdom. The mineralogy was determined by X-ray diffraction at the USGS.
In addition to confirming previous estimates (Flanagan and others, 1977 , tables 3 and 4) of some trace element contents of the flint and plastic clays from Pennsylvania and Missouri, the data in this report increase our knowledge of the trace element contents 2 of clays from different geologic settings. Because of the potential distribution of the NBS and IPT clays, the samples may serve as reference materials for studies of the trace element contents of other clays.
GEOLOGIC SETTING AND LOCATION
NBS-97, NBS-97a, and NBS-97b are samples of flint clays used in the manufacture of refractory brick. Material for NBS-97 was taken from the Mercer flint clay bed, the Pottsville Ibrmation of Pennsylvanian age, from a mine located on Morgan Run, Decatur Township, Oearfield County, Pa. NBS-97a was taken from the Cheltenham fire clay bed, Cheltenham Formation of Pennsylvanian age. The sample was supplied by the A.P. Green Fire Brick Co., Mexico, Mo. NBS-97b is a sample of the Mercer flint clay bed from a Harbison-Walker Refractories Co. mine on Anderson Creek, Pike Township, Oearfield County, Pa. The material for NBS-97b was sampled from a stockpile near the mine. The mine was not accessible because it had been backfilled to conform to the environmental regulations of the State of Pennsylvania.
NBS-98, NBS-98a, and NBS-98b are samples of plastic underclays used in the manufacture of refractory and face brick. NBS-98 is a sample of underclay of the Oarion coal bed, Allegheny Ibrmation of Pennsylvanian age, collected from a mine located at Templeton, Pine Township, Armstrong County, Pa. Sample NBS-98a, taken from the Cheltenham fire clay bed, Cheltenham Formation of Pennsylvanian age, was supplied by the A.P. Green Fire Oay Co., Mexico, ~o. NBS-98b is a sample of the underclay of the Oanon coal bed obtained at the Harbison-Walker Refractories Co. plant at Oearfield, Oearfield County, Pa.
The clay for sample NBS-679 was collected from the Maryland Oay Products, Inc. (formerly the Washington Brick Co.), pit at Muir kirk, Prince Georges County, Md. The clay is used for making red building and face brick. The very plastic brown clay, which is more than 11 m thick (Knechtel and others, 1961) , occurs in the Arundel furmation, Potomac Group of Cretaceous age. Iron ore was mined from the Arundel Formation from colonial times until about 1911, and a furnace at Muir kirk was operated almost continuously from 1847 to 1912 (Miller, 1911 . The iron ore is primarily siderite, FeC0 3 , which occurs as balls an~ irregular nodules that are removed when the clay IS mined.
Reference sample IPT -28 is from Ananindeua, Para, Brazil, near Belem (lat 1°13'S., long 4S017' W.)
in the Amazon Delta. The clay deposit occurs in an unnamed unit of Tertiary age that contains clastic sediments, claystones, sandstones, conglomerates, and laterite. Approximately 2 million metric tons of clay is mined annually from this deposit (Azevedo Branco, 1984) . Sample IPT -32 is from near Sao Joilo de Meriti, Rio de Janeiro, Brazil (lat 22°44' S., long 43°27' W.). The clay occurs in alluvium of an unnamed formation of Holocene age. The alluvium consists of fluvial, marine, and eolian deposits. A small amount of this plastic clay is mined annually from this area.
Sample IPT -42 is from near Sao Simao, Sao Paulo, Brazil (lat 21 OZ8' S., long 470J6' W.). The clay is in the Piramb6ia Formation of Triassic age. The formation consists of sandstones, minor claystones, siltstones, and conglomerates. Approximately 3 million metric tons of the clay, which also contains some ball clay, is mined annually (Azevedo Branco, 1984) .
ANALYTICAL DATA AND HOMOGENEITY
Some of the analytical work on the 10 reference clay samples was designed to test whether elements in the new samples, NBS-97b, NBS-98b, and NBS-679, were distributed homogeneously among bottles of samples. The remaining data were obtained so that meaningful comparisons could be made of the trace element contents of the types of clays from different geologic settings and geographic areas.
Hosterman and Flanagan prepared the new clay samples for the NBS by the same method used to prepare USGS rock standards (Flanagan, 1986, p. 31) . After the entire bulk of a powdered clay sample was mixed thoroughly in a "V" blender, a portion of about 10 kg was split from the bulk material. Approximately one-half of the 10-kg portion was then sub sampled into 60-mL bottles that were labeled, numbered, and distributed to the USGS, WSU, and TOU laboratories for analysis. The other half of the 10-kg portion was reserved for future chemical and mineralogical work. The remaining powdered bulk of the three new samples was delivered to the NBS.
To determine the homogeneity of elements in the three new NBS samples, the USGS, WSU, and TOU laboratories were asked to analyze 1\\Q portions from two bottles of each sample. Not all laboratories reported four determinations for every element in each sample. Some determinations are missing because the counts for an element were lost during data processing or because the value calculated from the counts for an element was below the lower limit of estimation. INAA data were obtained by the method described by Baedecker and others (1977) for the USGS, by Filby and others (1985) for WSU, and by Potts and others (1981, 1985) for TOU. In addition to the four determinations for an element, the mean, the F ratio (see below), and the error (within bottle) standard deviation calculated during each analysis of variance were computed (see tables 4-10).
fur comparison, some USGS data obtained in 1976 for the four older NBS clay samples (NBS-97, NBS-98, NBS-97a, and NBS-98a) have been included in this report. These 1976 data consist of six determinations for each sample (data for two portions from each of three bottles). Because the tests for homogeneity described here would be based on determinations on four portions of any new NBS sample, data for bottles 1 and 2 of NBS-98a (Flanagan and others, 1977, table 3 ) and data for bottles 1 and 2 of NBS-97, NBS-97a, and NBS-98 (Flanagan and others, 1977, table 4; USGS unpublished data, 1977) were randomly selected for inclusion in this report. To furnish more data for the older samples, the three laboratories were requested also to irradiate four sample portions from bottles of the older NBS samples so that comparisons could be made with approximately the same number of determinations per element for each sample.
Hosterman and Flanagan received from Brazil only one bottle of each of the three clay samples IPT -28, IPT -32, and IPT -42. They divided the contents of each bottle into approximately equal amounts and sent a subsample of each clay to the three laboratories. The laboratories were requested to irradiate four portions from each of their subsamples.
The analytical work to test for the homogeneity of elements among bottles of the three new NBS samples corresponds to an experimental design having a single variable of classification-the bottles of a sample. The calculations of the analysis of variance for this design are discussed in many textbooks on statistics (for example, Dixon and Massey, 1951 ) . The test used for homogeneity of an element is the F ratio calculated during the analysis of variance. If the calculated F ratio for an element equals or exceeds the value in statistical tables at some preselected probability, it may be concluded that the element is distributed heterogeneously among the bottles.
Two hundred and seventy-six F ratios, having degrees of freedom (d.f.) of 1 for the numerator and 2 for the denominator, were calculated for the elements in the new NBS samples (NBS-97b, NBS-98b, and NBS-679) (see tables 4-10). Excluding six F ratios that exceed F 0 . 95 (d.f., 1,2)=18.5 and that are marginally significant (see tables 5, 6, and 9), seven F ratios exceed F 0 . 975 (d.f., 1,2)=38.5, and four ratios exceed F 0 . 99 (d.f., 1,2)=99 (see tables 5 and 9). Normally, these 11 F ratios that equal or exceed the value for F 0 . 975 or for F 0 . 99 might be considered evidence that the constituents (elements) are distributed heterogeneously among the bottles. However, these constituents were measured by two different spectroscopy systems at the WSU laboratory. Data measured by one system yielded significant F ratios, whereas data for the same element measured by the other system yielded ratios that were not significant. Such conflicting conclusions about the heterogeneity of an element may have resulted because the WSU laboratory irradiated and counted 100-mg sample portions (Filby and others, 1985) . The USGS laboratory customarily irradiates 500-mg samples in the TRIGA reactor in Denver, Colo., because the larger sample portion yields more activity and the data are more reproducible.
The significant F ratios calculated from data for chromium, thorium, scandium, and samarium measured by WSU spectroscopy system 1 for NBS-97b (see table 5) indicate that these elements are distributed heterogeneously. These conclusions may be due, however, to the relatively small differences between duplicate determinations for an element in each bottle. If one squares the differences and then sums the squares, the error mean square obtained is very much less than the mean square for the variation due to bottle means, and a significant F ratio is obtained. However, the percentage differences between averages of the elements by the two systems are 2.3 percent for chromium, 1.1 percent for thorium, 1.3 percent for scandium, and 1.0 percent for samarium. These small differences may be accepted as evidence that the four elements are distributed homogeneously.
MINERALOGY
The 10 clay reference samples were analyzed by X-ray diffraction using copper (CuKa) radiation. Small portions of the clay samples were reground in a mortar and pestle to ensure a uniform 200-mesh size and were made into wafers having random orientation. Each wafer was mounted in the sample holder and rotated at a rate of approximately 60 rpm during exposure to X-ray radiation. A goniometer traversed at a speed of 1 o 2 6 per minute with a counting time of 1 second, thus resulting in a digital count every 0.02° 2 8. An X-ray trace was made from 3° to 70° 2 8 for each clay sample (figs. 1-3). Figure 1 shows the X-ray diffraction patterns of flint clays NBS-97, NBS-97a, and NBS-97b. NBS-97 and NBS-97b are from the Mercer flint clay bed (Pennsylvania), and NBS-97a is from the Cheltenham fire clay bed (Missouri). The X-ray patterns show that these samples contain more than 95 percent kaolinite and only traces of boehmite, illite, and chlorite (aluminous). The major difference among the clay samples is that the Missouri sample, NBS-97 a, has a slightly lower degree of crystallinity than the samples from Pennsylvania. This difference is evident by comparing the area between 20° and 25° 2 8 of the three X-ray diffraction patterns. The peaks in this area for NBS-97 and NBS-97b are much sharper and more clearly resolved than those for NBS-97a. Figure 2 shows the X-ray diffraction patterns of plastic clays NBS-98, NBS-98a, and NBS-98b. NBS-98 and NBS-98b are from the underclay of the Oarion coal bed (Pennsylvania), and NBS-98a is from the Cheltenham fire clay bed (Missouri). The X-ray patterns for NBS-98 and NBS-98b are almost identical. amounts. The chemical analysis for the major and minor oxides is not yet available.
TRACE ELEMENT CONTENTS
INAA data reported for all samples by the three laboratories are given in tables 1-16. Table 17 contains data for lithium determined in the USGS laboratory by inductively coupled plasma spectroscopy and by flame atomic absorption spectroscopy.
The tables are arranged so that data for the old NBS samples from Pennsylvania (NBS-97 and NBS-98) in tables 1-3 precede data for the new NBS ~amples from Pennsylvania (NBS-97b and NBS-98b) m tables 4-7. Data for the new NBS common brick clay sample from Maryland (NBS-679) are given in tables 8-10, and data for the samples from Brazil (IPT-28, are found in tables 10--14. The USGS was the only laboratory to report data for flint clay NBS-97a ( The K/Rb and the K/Ba ratios in table 23 show that the samples from Missouri, NBS-97a and NBS-98a, differ from their Pennsylvania counterparts, NBS-97, NBS-97b, NBS-98, and NBS-98b, as might be expected because of the different geologic environment. The Rb/Cs ratio for the plastic clay from Missouri, NBS-98a, is much lower than the Rb/Cs ratios for the plastic clays from Pennsylvania, and the Rb averages of the three plastic clays NBS-98, NBS-98a, and NBS-98b are greater by factors of 3 or more than the Rb contents of the flint clays from the same areas (table 22) .
One striking ratio in table 23, Th/U=0.54 for NBS-98a, is due to the uranium content of 46 ppm for that sample. This value is almost 5 times greater than the next highest uranium content, 9.6 ppm for NBS-97b. The uranium was probably introduced into the clay bed at the time of deposition from an unknown source. The Hf{fa ratios of the 10 samples are fairly similar (see table 23), except for the high Hftra ratios of 9.93 for NBS-97 and 7.70 for IPT -28, which are due to high Hf contents of 40.9 ppm and 30.8 ppm, respectively. The high Zr and Hf averages of NBS-97 and IPT -28 yield Zr/Hf ratios (35.8 and 34.1, respectively) that fall within the range of such ratios for the 10 samples (32.1 for NBS-97b to 45.7 for IPT-42).
The averages in table 22 and the means normalized to the grand mean in table 24 for some elements in the 10 samples show many of the differences among the samples. The flint clay NBS-97 has higher chromium, hafnium, lithium, and zirconium contents than its current replacement, NBS-97b, from the same area. The differences between the plastic clays NBS-98 and NBS-98b, also from the same area, are not as evident. Some of the trace element contents of the flint and plastic clays from Missouri, NBS-97a and NBS-98a, differ significantly from those of their counterparts from Pennsylvania, especially IREE. The averages for elements such as Cs, Li, Ta, Sc, La, Tb, and Tm, when considered individually or in combination, can distinguish NBS-98a from all the other clay samples.
Differences 5 ) shows that the Missouri plastic clay, NBS-98a, has high REE contents throughout the entire range from lanthanum to lutetium. However, unlike the plots for the flint clays, the normalized means for thulium, ytterbium, and lutetium are significantly higher than the normalized means of the same elements for NBS-98 and NBS-98b. The plastic clay from Brazil, IPT -32, has the second highest means for lanthanum, cerium, and neodymium and the low.est means for thulium, ytterbium, and lutetium.
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The plot for the miscellaneous clays ( fig. 6 ) shows that the Maryland clay NBS-679 and the Brazilian clay IPT -42 have very similar REE contents for all elements normalized to chondritic abundances. The other Brazilian clay, IPT-28, has high REE contents throughout the range from lanthanum to samarium.
The plastic clay from Brazil, IPT -32, has a number of trace element contents that differ markedly from those of the other plastic clays. The lithium contents of the other two clays from Brazil, IPT -28, from the Amazon Delta, and IPT -42, from Sao Simao, are about equal, but the averages of many other trace elements in these two clays differ significantly. The averages for cobalt, thorium, uranium, and zinc not only differ between the two clays, but also, individually or in combination, show that IPT -28 and IPT -42 differ from all the other clay samples. 
SUMMARY
Mineralogically, the three flint clays, NBS-97, NBS-97a, and NBS-97b, differ very little ( fig. 1 ), except that NBS-97a has much greater normalized IREE contents than NBS-97 and NBS-97b have ( fig.  4 ). These three clays are composed of kaolinite and traces of boehmite, illite, and chlorite (aluminous). The kaolinite in NBS-97a (from Missouri) has a slightly lower degree of crystallinity than the kaolinite in NBS-97 or NBS-97b (from Pennsylvania). This difference in crystallinity could be due to the different geologic settings of the two areas.
The flint clay sample NBS-97 (Pennsylvania) has higher average contents of chromium, hafnium, lithium, and zirconium than its replacement, NBS-97b (Pennsylvania), whereas differences between the plastic 10 clays from Pennsylvania, NBS-98 and NBS-98b, are not as evident. Some of the trace element contents of the flint and plastic clays from Missouri, NBS-97a and NBS-98a, differ significantly from trace element contents of similar clays from Pennsylvania, especially the average REE contents normalized to chondritic abundances (figs. 4 and 5).
The plastic clay from Missouri, NBS-98a, is distinguished by its high uranium content ( 46 ppm), and it has the greatest IREE contents of the four plastic clays ( fig. 5 ). The average contents of elements such as Cs, Li, Ta, Sc, La, Ce, Tb, and Tm distinguish NBS-98a from the other plastic clays. The Pennsylvania plastic clays contain kaolinite, illite, and quartz, whereas the Missouri clay contains kaolinite, quartz, illite, and traces of chlorite. The different geologic settings of the two areas may account for the mineral- ogical differences. The plastic clay IPT-32 is similar to NBS-98a in mineralogical content, but most of the trace element contents of IPT -32 differ from those of the other plastic clays. The miscellaneous clay samples, NBS-679, IPT -28, and IPT -42, are all from different geologic environments, and so no mineralogical relationship was expected. The normalized .IREE contents ( fig. 6) show that the light rare earth elements lanthanum, cerium, neodymium, and samarium are enriched in sample IPT-28. Only minor differences occur in the rare earth element plots for NBS-679 and IPT -42.
The lithium contents of the two Brazilian clays IPT-28 and IPT-42 are about equal, but the averages of many of the trace elements in these two clays differ significantly. The averages for cobalt, thorium, uranium, and zinc differ between IPT -28 and IPT -42, and these averages also distinguish IPT -28 and IPT -42 from the other clays.
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